A B S T R A C T The relationship of the genes coding for HLA to those coding for properdin Factor B allotypes and for deficiency of the second component of complement (C2) 
INTRODUCTION
Evidence has been presented for the linkage of the HLA histocompatibility genes (HLA-A, B, C, D),1 collectively referred to as the major histocompatibility complex (MHC), to the gene for deficiency of the second component of complement (C2d) (2) (3) (4) , and for the linkage of MHC to the gene for properdin Factor B allotype polymorphism (Bf) (5) . A ntumnber of studies have presented data and attempted to map the order of the genes. Family studies by Teisberg et al. have suggested that the order of genes is HLA-A, B, Bf (6) . A recombinant fraction (RF) between HLA and Bf of 6 .1% has been observed, suggesting that they are, at most, 6 centimorgans apart (7) . These data suggest that the Bf locus is outside the MHC. By contrast, studies by Lamm et 
al. and Hauptmann et al. suggest that
Bf is between HLA-B and HLA-D (8, 9) . The ability to I Nomenclatuire and abbreviation1s utsed in this paper: The convention for denoting genetic traits follows the gtuidelinies set tip by the WHO-IUIS Terminology Committee (1) and is extended to incltude the properdini Factor B allotypes anld C2 deficiency traits. The major histocompatibilitv complex (MHC) in nman is called HLA and contains fouir recognizable loci: A (lst series, or LA); B (2nd series, FOUR); C (3rd series, AJ); and D (MLC, LD, MLR-S). A, B, and C are defined by define hereditary deficiency of C2d in the absence of homozygous deficient family members by the simultaneous use of immunochemical determinations, hemolytic assay and HLA gene complex association (4) has made it possible to survey a large number of unrelated patients and their families for heterozygous deficiency of the second component of complement. The aim of the present studies was to better define the linkage between the HLA, C2d, and Bf and to determine their order on the chromosome by studying large families and examining them for crossover events.
METHODS
HLA typing. HLA typing was done by the microdroplet lymphocyte cytotoxicity test (10) using antisera to define 36 specificities (antisera kindly provided by Dr (12) (13) (14) . Properdin Factor B allotypes were recognized as described previously (15) . Bf allotypes are denoted as Bf S (slow), Bf SI (rare slow), Bf F (fast), or Bf Fl (rare fast). The frequency of Bf S in the general population studied is about 0.7. Hemolytic C2 was measured by a modification of the method of Borsos and Rapp (16, 17) . Heterozygous C2 deficiency in the absence of homozygous deficient individuals was recognized as previously described (4) . Calculation of the log of the odds (lod score) for the linkage of two genes and the maximum likelihood value of the recombinant fraction. The RF is defined as the number of observed crossovers divided by the number of observed meioses. Conceptually, the RF is the probability that two genes, one at each locus, are not passed on together to an offspring. Lod scores were calculated by the method of Morton (18) and as modified by Maynard-Smith et al. (19) and Smith (20) . Initially, all lod scores were computed for double-back crosses (matings in which one parent was doubly heterozygous and the other was at least singly homozygous at one of the two loci scored) between C2 deficiency and HLA, and between properdin Factor b allotype and HLA with no assumption as to phase (whether in a given person, specific HLA and Bf genes are on the same or different chromosomes). The likelihood value of the recombinant fraction = 0. Since these genetic loci were already known to be located on the sixth chromosome near the HLA region, it was felt to be valid to calculate these lod scores as if phase were known unless the number of progeny observed was two and there was one recombinant and one nonrecombinant. In fact, the calculation of the lod score in this case is identical for both phase known and phase unknown. The maximum likelihood value of the recombinant fraction (MLRF) was taken as that 0 which gave the greatest lod score. No evidence has been presented for differences in the crossover rate in males and females in the MHC region and therefore no correction has been made for this. Theoretical justification for the use of lod scores for the determination of the order of loci on a chromosome is given by Sturt (21) . Estimation of linkage disequilibrium. The detection of linkage disequilibrium was done by the methods of Bodmer (22, 23) , and Kojima and Lewontin (24) .
Population studied. During the course of studies of acquired abnormalities of the complement system in patients with rheumatic diseases (25) , a number of individuals were encountered who appeared to be heterozygous deficient for C2 (4) . Families were studied where propositi were previously shown to have complement abnormalities (4, 26) . RESULTS 18 kindred were studied which were informative (one parent doubly heterozygous) for the linkage between properdin Factor B allotypes and HLA. Ofthe 18 kindred, there were 21 informative matings with 72 informative meioses. In this way, three recombinant events, described below, were noted in the offspring. The RF is 0.042. The lod scores for these matings were computed at likelihood values of the recombinant fraction (6) from 0.001 to 0.45. The lod score was 16.27 at the MLRF = 0.04. 12 kindred were studied which were informative for the linkage of C2 deficiency and HLA. Of the 12 kindred, there were 15 informative matings with 57 informative meioses. Two recombinant events, described below, were noted in the offspring. The RF is 0.035. The lod scores were computed and the score was 13.39 at the MLRF = 0.04. These data are presented in Table I . In all kindred studied there were no recombinants observed between HLA-A and B loci, in keeping with the much lower RF (less than 0.01) known to exist for these loci. Families in which crossover events were detected for either properdin Factor B or C2d were examined in detail. Fig. 2 presents family R in which a recombinant for both Factor B and C2 deficiency has been observed, and has also been noted previously (4 Fig. 4 presents family B in which a recombinant for Factor B allotypes has been observed. C2 deficiency has been assumed to be in coupling (i.e., on the same chromosome) with A10 because of their known linkage disequilibrium (2-4). The phase of Factor B allotypes in JB was assumed to minimize the number of observed recombinants, as would be expected for two closely linked genes. In this manner the child PB, who was the juvenile rheumatoid arthritis propositus, is thought to have received the genome A10, Bw4O, Bf S, C2d from her father and the recombinant genome A2, Bw15, Bf S from her mother. All five members ofthis family have been studied with two way MLC reactions and all combinations are strongly stimulatory. The relative responses are given in Table II Of these 58 genomes with C2d and Bf S, 10 were linked to B18 (but not A10 or closely related Aw25), 3 were linked to A10 or Aw25 (but not B18), and 43 were linked to both A10 or Aw25 and B18. Of the two which were linked to neither A10 (Aw25) nor B18, one was shown to be a result of a crossover in which the C2d and Bf S had been linked with B18 in the mother. In the second case, in a C2 homozygous deficient individual, the genotype was A10, B18, S, 
DISCUSSION
The MHC has been assigned to chromosome 6 by the observation ofa pericentric inversion (27) . The orientation of the HLA loci in respect to the centromere has been established by study of phosphoglucomutase-3. Phosphoglucomutase-3 (PGM3) has been assigned to chromosome 6 by somatic cell hybrid studies (28) . The orientation of the HLA region with regard to PGM3 has been established by studies of crossovers within the HLA region (29) . PGM3 is thought to be linked to the centromere of chromosome 6 from studies of cultures of ovarian teratomas (30) . These data give the order of genes as: Centromere . PGM3, HLA-D, B, C, A. The RF between HLA-D and HLA-B has been estimated and these loci are less than 1 centimorgan apart (31) . The HLA-A and HLA-B loci are thought to be at most 1 centimorgan apart (32) .
Several investigators have previously reported data concerning the linkage of Bf to the MHC. Allen (5) described 12 families with 44 informative children. No recombinants were found and the lod score was approximately 10. Rittner et al. (7) studied 21 families with 82 informative meioses: of these, 5 suggested a single recombinant event between HLA and Bf. From this they calculated an RF of 0.061. A lod score of 10 was calculated at 0= 0.1. Of the five crossovers, three apparently were maternal and two were paternal; however, no difference was seen in the lods scored separately from the maternal and paternal meioses. This is unlike the data observed for HLA and PGM3, which suggests different rates of crossing over in the male and female in the PGM3 region (33, 34) . In the rhesus monkey linkage of Bf to the histocompatibility loci has been demonstrated with MLRF of 0.02 and lod score 15 (35) , suggesting a similar relationship of these loci in man and monkey.
Teisberg et al. (6) studied three families known to have a crossover between the HLA-A and B, and demonstrated the segregation of Bf and HLA-B. They studied 23 (8) . Similar data has been presented by Hauptmann et al. (9) . In our data, we report a crossover between HLA-D and Bf, in which Bf segregates from HLA-B and D, and definitively places Bf between PGM3 and HLA-D. It is difficult to explain these conflicting results, but assuming that both sets of observations are correct, they lead one to invoke the possibility that Bf may exist in some families as redundant loci (36) .
We have observed no recombinant event between C2d and Bf. In addition, a marked linkage disequilibrium between HLA-A10, B18, Dw2, and C2 deficiency has been noted (37) . Our families with known C2d homozygotes (38) . This linkage disequilibrium and the absence of observed recombinants between these loci may be explained by the existence of a human "T-locus" like that associated with the H-2 locus of the mouse (39) . This locus is about 8 centimorgans from the H-2 on the centromere side ofmouse chromosome 17. That fact that wild mice are polymorphic for t-alleles, and that the MHC of the mouse lies within the area of crossover suppression associated with recessive lethal T-locus mutants, suggests in mice that the T-locus may serve to maintain this chromosome region as a "super-gene" complex. Our (41) . Of the 54 children for whom both parents were known, including 16 propositi with known juvenile rheumatoid arthritis or systemic lupus erythematosus, three of the crossover events were observed in propositi, while only one was observed in a normal sibling. This suggests that a crossover during meiosis may play some part in the pathophysiology of these diseases. Of the 13 propositi in whom no crossover was observed, meiosis was informative in only one parent and therefore a crossover is not ruled out in these children. An increase in intra-HLA recombinants has been observed in juvenile diabetes mellitus (42 (46) (47) (48) . In addition, evidence has been presented that C3 level during ontogeny is MHC-linked in mouse (49) . The mapping of C2d, C4d, and Bf near the MHC suggests that this region may be of importance in inflammatory processes.
Though it is not possible at this time to ascertain the significance of the observed linkage disequilibrium between alleles at loci located over a distance of about 5 centimorgans, it is concluded that recent mutation is the most likely cause of the observed disequilibrium of HLA and C2d. It is concluded that Bf lies between PGM3 and HLA-D. The lack of recombinants between Bf and C2d and similar MLRFs suggests they lie in proximity to one another and hence that C2d lies between PGM3 and HLA-D. Fig. 5 summarizes these relationships. It is hypothesized that the close proximity of the genes coding for C2d and Bf through their similar functional positions, respectively, in the classical and alternate pathways suggests the possibility that these two proteins arose by gene duplication and divergent evolution, and from other data, that the Bf gene and alternate pathway were prototypes. The association of disease with crossover events suggests that connective tissue disease may be pathophysiologically related to the disruption of cis-Ir gene complementation. If this association with connective tissue disease proves to be correct, Bf and C2d are probably closer to HLA-B in a normal population than suggested by the RF of 0.035 and 0.042.
